The tumor suppressor p53 is a known regulator of apoptosis and autophagy.
Introduction
Since its discovery more than 30 years ago, p53 has been recognized to be a major tumor suppressor protein that functions principally through effects on apoptosis, cell cycle arrest, and DNA repair [1, 2] . Although non-canonical functions of p53 in cell metabolism, autophagy, necrosis, and proliferation have recently been studied in detail, their roles in tumorigenesis have yet to be determined [3, 4, 5] .
Autophagy is an intracellular multistep process responsible for the degradation and recycling of cytoplasmic contents by lysosomal proteases [6] . The first step in autophagy is formation of a double-membrane structure that engulfs cytoplasmic components, such as protein aggregates and damaged organelles, to form a vesicle known as an autophagosome.
In turn, the autophagosome fuses with a lysosome to form an autophagolysosome. This process culminates in degradation of the vesicle contents, a phenomenon known as autophagic flux. For proper functioning, autophagy requires both vesicle formation and autophagic flux [7] . Autophagy is a pro-survival mechanism required for the removal of damaged organelles or misfolded proteins and the impairment of autophagic flux is commonly observed in neurodegenerative diseases [8] .
One of the key unanswered questions in p53 biology concerns the mechanisms by which p53 induces different responses following exposure to stress. The answer may lie in the multiple transcriptional targets and cofactors differentially activated by p53, depending on the cellular and environmental context. It has been suggested that p53 target genes induce reactive oxygen species detoxification and DNA repair in low-stress conditions and induce senescence and apoptosis in high-stress conditions [1] . The study of p53 isoforms provided some interesting clues on how p53 achieves specific cellular responses [9] . In humans, p53 expresses 12 protein isoforms that are generated by two internal promoters and alternative spicing and codon initiation sites [10, 11] . In Drosophila, genome annotations have predicted the existence of three Drosophila p53 protein isoforms (FlyBase FBgn0039044) ( Figure S1A ) [12] . The best-studied isoform is ∆Np53 (p53A), which has a 110-amino acid deletion in its transactivation domain and is structurally analogous to the N-terminally truncated human p53 isoforms [13, 14, 15] . The p53 (p53B) isoform refers to the full-length p53 protein that has an intact transactivation domain and is structurally analogous to the human full-length (TA) p53 [9, 16, 17] . The third, most recent discovered isoform, p53E, is a 334-amino acid protein with a unique 10-amino acid transactivation domain which presumably acts as a dominant negative [18] .
An alternative possibility to explain p53 pleiotropic functions, is that p53 may induce multiple pathways simultaneously. For example, the p53 target DRAM is known to be involved in the regulation of both autophagy and apoptosis [19, 20] . However, the molecular mechanisms enabling a single p53 gene to regulate two apparently incompatible processes -autophagy (pro-survival) and apoptosis (pro-death)-in the same cellular context remain unclear. Presumably, there must be antagonism between the pathways to ensure that p53 does not induce conflicting signals, but instead favors the most response appropriate for the particular cell type and stress intensity. Simple organisms, such as Drosophila, have proved useful for studying the primordial functions of p53, such as induction of apoptosis in response to irradiation [13, 14, 15, 21] , and for examining a wide range of less-studied functions, including differentiation, growth, neuroprotection, proliferation, and meiotic recombination [5, 17, 22, 23, 24, 25, 26, 27] .
In this study, we investigated the relationship between p53-regulated autophagy and apoptosis in Drosophila. We found that p53 protected the organism from oxidative stress.
Interestingly, Drosophila lacking p53 displayed impaired autophagic flux, higher caspase activation and mortality levels upon paraquat treatment. We also found that autophagy and apoptosis were differentially regulated by the p53 isoforms. Whereas the p53 (p53B) isoform induced protective autophagy in adult neurons, the ∆Np53 (p53A) isoform inhibited autophagy by activating the caspases Dronc, Drice, and Dcp-1. These findings uncover a novel layer of p53-mediated regulation of life and death via differential activation of autophagy and apoptosis.
Results

Redundant roles of p53 isoforms in the resistance to oxidative stress
To investigate the importance of p53 in the stress response at the whole-organism level, we first exposed wild-type (WT, w
1118
) and p53 null (p53 5A- [1] [2] [3] [4] , null mutant for all the isoforms) flies to oxidative stress by feeding them with 20 mM paraquat (PQ)-containing medium. PQ is a free radical-inducing agent that has been widely used to induce oxidative stress in cells and organisms [28, 29, 30] . We found that p53 null flies were more sensitive than control flies to PQ-induced oxidative stress, with the median time to 50% lethality being reached at ~20 h compared with ~48-72 h ( Figure 1A ). Furthermore, p53 null flies rescued by a genomic construct that encompasses the p53 locus (p53Bac, p53
) showed a PQ sensitivity similar to that of WT flies ( Figure 1A ), which confirms that PQ-sensitivity maps to the p53 locus. To study the physiological function of the ∆Np53 (p53A) and p53 (p53B) isoforms under conditions of oxidative stress, we first examined the levels of ∆Np53 (p53A) and p53 (p53B) transcripts in animals exposed to PQ ( Figure S1B ). We observed that while ∆Np53 (p53A) transcripts were unchanged by PQ, p53 (p53B) transcripts were increased three-fold, suggesting that p53 (p53B) may play an important role in the PQ response. Next, we examined transcript levels in two characterized p53 isoform mutants [18] . Ch-p53B
STOP; p53 5A-1-4 (here named Ch-p53B STOP) which is mutant for p53 (p53B) but encodes ∆Np53 (p53A) isoform and GFP-p53A STOP; p53 5A-1-4 (here named GFP-p53A STOP) which is mutant for ∆Np53 (p53A) but encodes p53 (p53B) isoform. The p53E isoform lacks most of the transactivation domain, having a dominant negative effect; therefore, we excluded it from our study. As predicted, Ch-p53B STOP flies do not express p53 (p53B) but had normal levels of ∆Np53 (p53A) transcripts ( Figure S1C ), which is consistent with previous data [18] .
To our surprise, the GFP-p53A STOP mutant lacked both p53 (p53B) and ∆Np53 (p53A) transcripts, which was not observed in the earlier study for technical reasons [18] . We thus excluded the GFP-p53A STOP mutant from further analyses and focused on the p53 (p53B) mutant (Ch-p53B STOP) in which ∆Np53 (p53A) is functional. We compared PQ toxicity in Ch-p53B STOP, p53 null , and WT flies and observed that while p53 null mutant showed an increase sensitivity to PQ there was no difference in the survival of Ch-p53B STOP and WT flies ( Figure S1D ). To further assess the role of ∆Np53 (p53A) in the resistance of flies to PQ treatment, we used CRISPR/Cas9 method to generate a ∆Np53 (p53A) mutant flies, named the p53 A2.3 mutant line, carrying a small deletion removing coding and splice donor of ∆Np53 (p53A) unique exon which impairs ∆Np53 (p53A) isoform ( Figure S2 ). We thus compared PQ toxicity in p53 A2.3 mutant, p53 null , and WT flies and observed no difference in the survival of p53 A2. 3 and WT flies ( Figure S2C ). Together, these results show that the inactivation of both ∆Np53 (p53A) and p53 (p53B) isoforms in p53 null mutant flies, but not the individual loss of ∆Np53 (p53A) (p53
) or p53 (p53B) (Ch-p53B STOP, p53 -/-), confers an increased sensitivity to PQ treatment. This indicates that ∆Np53 (p53A) and p53 (p53B) isoforms play redundant functions in the resistance to PQ. The sensitivity of p53 null flies to PQ is similar to that of autophagy-defective mutant flies, which are extremely sensitive to oxidative stress ( Figure 1B ) [31, 32] . Together with the fact that p53 is a known regulator of autophagy [20, 33] , it raises the possibility that autophagy may be defective in p53 null flies. To investigate this, we examined the expression of Ref (2)P/p62, a multifunctional scaffold protein that is degraded during autophagy and accumulates in the cytoplasm of autophagy-defective atg8a mutants [34] . We found that
Ref (2)P/p62 levels were higher in p53 null flies than control flies exposed to PQ ( Figures 1C   and S3A ). Ref(2)P/p62 accumulation was also observed in atg8a -/-flies, as previously described [34] . The accumulation of Ref (2)P/p62 could be due a reduced activation of autophagy in flies lacking p53. However, we did not observe a p53-dependent induction of the Atg8a-II/Atg8a-I ratio in WT flies after PQ treatment. In contrast, the Atg8a-II/Atg8a-I ratio was lower in p53 null compared to control flies exposed to PQ, indicating that p53 is not activating autophagy but rather that basal autophagy levels were reduced in p53 mutant ( Figure 1D ). Thus, p53 null flies exhibit an increased sensitivity to oxidative stress, which is associated with a reduced basal autophagy and an increased Ref(2)P/p62 levels, suggesting an impairment in the autophagic flux.
Next, we asked whether the increased sensitivity to PQ is associated with increased caspases activation in p53 null flies. Since one of the primary targets of PQ toxicity is the nervous system [35] , we investigated whether loss of p53 resulted in caspase activation in whole flies or fly brains after exposure to PQ. Western blot analysis and immunostaining using specific antibodies [17, 36] it could be observed in dissected brains by immunostaining ( Figure 2F and 2H) . Collectively, these results suggest that the elevated sensitivity of p53 null mutant flies to oxidative stress injury leads to an increase in apoptosis.
∆Np53 (p53A)-dependent caspase activation inhibits autophagic flux in Drosophila eye
The observation that p53 null flies display defective autophagic flux and increased apoptosis following exposure to PQ prompted us to study the regulation of autophagy and apoptosis by p53 at the cell and tissue level. We used Drosophila photoreceptor cell (PR) neurons as a model to overexpress ∆Np53 (p53A) and p53 (p53B) in a WT background [37] .
Since the isoforms differentially regulate caspase activation, this system allowed us to directly examine the influence of p53 isoforms on caspase activation and the autophagic response in adult PRs ( Figure S4 ) [38] . When the isoforms were ectopically expressed in adult PRs, we found that ∆Np53 (p53A), similar to the IAP inhibitor reaper (rpr), induced robust activation of Dcp-1 and apoptosis, whereas p53 (p53B) had no detectable induction of We hypothesized that the differential effects of ∆Np53 (p53A) and p53 (p53B) on autophagic flux may be due to differences in caspase activation by the two isoforms ( Figure   S4C and S4D). To test this hypothesis, we compared levels of GFP-LC3, GFP-Ref (2) 5N , 5O, 5P, and S6E). Thus, activation of Dronc, Dcp-1, and Drice is required for ∆Np53 (p53A) to inhibit processing of autophagy vesicles.
Induction of autophagy protects PRs from p53 (p53B)-induced death
We showed that the overexpression of p53 (p53B) does not induce caspase activation but instead induces progressive caspase-independent PR death and concomitant activation of functional autophagy. By contrast, ∆Np53 (p53A) overexpression induces caspase activation, subsequent inhibition of autophagic flux and PR death. We therefore investigated the role of p53 (p53B)-dependent autophagy in PR survival. We overexpressed p53 (p53B) or ∆Np53 (p53A) in retinas carrying atg1 mutant clones by using the Tomato/GFP-FLP/FRT method, and evaluated PR survival in young flies at a time before extensive cell death has occurred [44, 45] . Expression of ∆Np53 (p53A) resulted in similar levels of cell death in WT (labeled with tomato and GFP) and atg1 mutant (labeled GFP and the absence of tomato) PRs ( Figure 6C and 6E). This finding was expected because autophagy is impaired by expression of ∆Np53 (p53A) in WT retinas (Figures 3 and 4) . By contrast, the rate of p53 (p53B)-induced PR death was higher in atg1 mutant cells with than in the surrounding area of WT PRs ( Figure 6D and 6E) . Overall, these results indicate that p53 (p53B) induces functional autophagy that protects PRs from p53 (p53B)-induced neurodegeneration.
Discussion
To gain a better understanding on how p53 can orchestrate cell survival and cell death through various and antagonistic pathways, we have studied the consequences of p53 neuronal gain of function and of paraquat-induced oxidative stress in presence or absence of p53. Neuronal expressions of ∆Np53 (p53A) or p53 (p53B), two protein isoforms of Drosophila p53, are both efficient inducers of autophagy but each isoform induces a differential regulation of autophagy ( Figure 7 ): p53 (p53B) induces a functional autophagy, while ∆Np53 (p53A) induces a defective autophagic flux. Indeed, the net contribution of ∆Np53 (p53A) on autophagy is reduced compared to that of p53 (p53B) by the concomitant activation of caspases, which inhibits the autophagic flux. These results also indicate that there must be antagonism between apoptosis and autophagy to ensure that p53 does not induce conflicting signals, and instead promotes the appropriate response for the particular cell type and stress intensity. For example, we and others have shown that autophagy protects against neuronal death by inhibiting apoptosis [46, 47, 48] . Here, we observed the reverse effect, with caspase activation leading to the inhibition of autophagic flux.
Specifically, we showed that the initiator caspase Dronc and the effector caspases Drice and Dcp-1 are required to inhibit the autophagic flux. Thus, the mutual antagonism between apoptosis and autophagy ensures that one of these responses is preferentially induced depending on the cellular context. Two studies have shown that Dcp-1 regulates autophagy in Drosophila [49, 50] . In the first study, Kramer et al. showed that Dcp-1 inhibited quality control autophagy in developing PRs [49] . In contrast to our finding that Dcp-1 inhibits autophagy by blocking autophagic flux, they showed that Dcp-1 inhibited the induction of autophagy in the WT retina by cleaving Acinus. We thus favor the hypothesis that Dcp-1 has different and currently unidentified targets for regulating autophagic flux in differentiated PRs.
In the second study, the Gorski's group examined starvation-induced degeneration of the mid-stage egg chamber; in this case, Dcp-1 was found to be required for cell death and autophagy [50, 51] . Also in contrast to our finding that Dcp-1 inhibits autophagic flux, they
showed that Dcp-1 increased autophagic flux by interacting in a proteolysis-independent manner with mitochondrial adenine nucleotide translocase stress-sensitive B (SesB).
Collectively, these findings and our own show that Dcp-1 can regulate the induction of autophagy and autophagic flux in multiple ways depending on the cell type and developmental stage. Thus, the outcome -cell survival or death-depends not only on the differential expression of p53 isoforms but also on their ability to activate two mutually antagonistic responses, autophagy or apoptosis, that are independently responsive to the prevailing conditions.
The differential regulation of apoptosis by p73 isoforms was also studied in mouse neuronal culture submitted to neurotoxic expression of A protein [52] . In this model of neurodegeneration, TAp73 promoted while ∆Np73 inhibited apoptosis, which is opposite to our observation that ∆Np53 promoted apoptosis while p53-induced caspase-independent cell death in flies. Furthermore, the differential expression of human p53 isoforms ∆133p53 and p53 in astrocytes is important to confer neuroprotection in cellular models of Alzheimer's disease and amyotrophic lateral sclerosis [53] . Thus, further work is needed to define the conserved roles of p53 and p73 family isoforms in neurodegeneration and protection.
This study reveals the importance of ∆Np53 (p53A) and p53 (p53B) in response to oxidative stress. It also shows that both ∆Np53 (p53A) and p53 (p53B) confer redundant resistance to oxidative stress induced by PQ. This indicates that physiological levels of both p53 isoforms are required for the organismal survival. A physiological role of both ∆Np53 (p53A) and p53 (p53B) isoforms in the resistance to oxidative stress is novel and contrasts with the fact that most of p53 functions were attributed to the ∆Np53 (p53A) isoform in Drosophila [5] . Indeed, ∆Np53 (p53A) is the main isoform expressed in developing and normal fly tissues and is responsible for the induction of apoptosis in response to irradiation (FlyBase FBgn0039044 and [18] ). In contrast, p53 (p53B) expression is mainly restricted to reproductive organs where it is required for programmed necrosis during spermatogenesis [3] . Thus, depending on tissue type and stress, a single or both isoforms are required to induce an appropriate p53 biological response. Our results also suggest that p53 is required for protection against oxidative stress by maintaining functional levels of basal autophagy in Drosophila. Indeed, p53 null mutant flies exhibit a decreased resistance to PQ that is associated with an impaired autophagic flux. The defective autophagy could be a direct consequence of reduced autophagy activation in flies lacking p53. However, we did not observe a p53-dependent activation of autophagy after PQ treatment. In contrast, the basal autophagy was reduced in p53 null mutant flies treated with PQ, indicating that p53 is not activating autophagy but rather that basal autophagy is impaired in the absence of p53.
Thus, the defective autophagy is not due to a decrease of autophagy induction but could reflect a caspase-dependent inhibition of autophagic flux in p53 null mutant exposed to PQ. To reconcile that p53 is protective in flies treated with PQ with the fact that overexpression of ∆Np53 (p53A) or p53 (p53B) induces cell death when overexpressed in PRs, we propose that p53 responses and the outcome survival or death depends on p53 levels of expression ( Figure 7) . In PQ-treated flies, p53 is induced at physiological level, and is required for cell and organismal survival possibly by promoting an anti-oxidant response as previously proposed [54, 55] . In contrast, overexpression of ∆Np53 (p53A) or p53 (p53B), under the strong Rh1 driver, activates autophagy and caspase-dependent or caspase-independent cell death, respectively, ultimately leading to cell demise. These results reveal distinct p53 responses, with the outcome -survival or death -depending not only on the intensity and duration of stress as previously proposed [56, 57] but also on the levels of each p53 isoform.
In conclusion, our data bring novel insights to the model on the flexibility of the pleiotropic p53 gene in inducing a single context-appropriate pathway to protect the organism [5] .
Material and Methods
Fly strains and genetic manipulations
Flies were reared at 25°C in a 12 h/12 h light-dark cycle. 
UAS-mCD8-RFP, UAS-LacZ (Bloomington Stock center), UAS-p53, UAS-∆Np53 [17], UASp35 (Bloomington stock center), UAS-luciferase IR (Bloomington stock center), UAS-dcp-1 IR (VDRC34328), UAS-drice IR (VDRC28064), UAS-p53 IR, (VDRC10692), or UAS-p53 IR (VDRC45138). The ey-flp, rh1-GAL4;UAS-GFP;FRT80 UAS-tdTomato line was described
previously [44, 45] and was crossed with the rh1-gal4 line to generate clones with atg1Δ3D FRT80 stocks (gift from T. Neufeld [63] ). Cherry-p53B STOP; p53 5A-1-4 (FlyBase FBal0318401) (here named Ch-p53B STOP) and GFP-p53A STOP; p53 5A-1-4 (FlyBase FBal0318403) (here named GFP-p53A STOP) were previously reported [18] .
Transformation with p53BAC and generations of ∆Np53 (p53A) alleles by CRISPR/Cas9
p53BAC flies carrying a wild-type p53 genomic BAC clone of 21-kilobase in the P[acman]
system [64] were injected to generate transgenic lines using C31 integrase-mediated transgenesis (Best Gene, Inc. Chino Hills, CA, USA). Vector DNA was injected in embryos carrying attP docking sites on the second chromosome (strain 9736 at 53B2).
The ∆Np53 (p53A) isoform-specific alleles were made using CRISPR/Cas9 methods as described [65] . exon/intron junction, deleting part of the first unique exon that encodes ∆Np53 (p53A) and the RNA splice donor site.
Chemical treatments
Paraquat (Sigma, 36541) was freshly added to PBS containing 0.8% low melting agarose (Sigma, A9414) and 10% sucrose (Sigma, S0389) shortly before the experiment.
Twenty flies (3 days of age) were fed with 20 mM paraquat-containing media for 5-7 days (survival experiments) or 21 h (protein or RNA extractions and brain dissections). Unless otherwise indicated, flies were kept at 25°C throughout the experiment.
Live fluorescence imaging of PRs
CO 2 -anesthetized flies were placed in a 35-mm cell culture dish half-filled with 1%
agarose, covered with water at 4°C, and observed using a confocal microscope as described [66, 44] .
Retina dissection and immunostaining
Retinas of 3-day-old flies were dissected following the standard procedure described in [67] . Briefly, heads were kept in a drop of PBS to avoid drying. One eye was then cut off using a scalpel and the cuticle around the eye removed. Finally, the brain parts attached to the retina were carefully removed using forceps. Samples were conserved in 4% paraformaldehyde (PFA)/PBS on ice until all the retinas had been dissected, and they were then fixed for 20 min at room temperature (RT). After fixing, the samples were washed 3 times in 0.3% Triton X-100 in PBS (0.3% PBS-T) and incubated with polyclonal rabbit anti- 
Transmission electron microscopy
Dissected Drosophila eyes were fixed in 0.1 M cacodylate buffer, 2.5% glutaraldehyde, and 2 mM CaCl 2 for 16 h at 4°C. After rinsing with 0.1 M cacodylate buffer at RT, the eyes were incubated with 1% OsO 4 in 0.1 M cacodylate buffer for 2 h at RT. Tissues were then progressively dehydrated in acetone at RT and mounted in 100% epoxy resin (Epon 812) in silicone-embedding molds. After resin polymerization for 48 h at 60°C, samples were sliced into 60 nm sections, which were stained with lead citrate and examined with a Philips CM120 transmission electron microscope (TEM) operating at 80 kV.
Image processing
Images were acquired at the imaging facility (PLATIM, UMS3444) at the UMR8249 imaging facility and analyzed with ImageJ (National Institutes of Health) or with Fiji software. 
Protein extracts and western blotting analysis
Proteins were extracted from 3-4 whole animals after treatment (4-day-old flies) using a standard protocol. Briefly, anesthetized or frozen flies were squashed in extraction buffer (1% NP40, 20 mM Tris HCl, 100 mM NaCl, 2 mM DTT, and protease inhibitor cocktail), incubated on ice for 30 min, and centrifuged for 30 min at 12,000 g. An aliquot (1 l) of the supernatant was then tested in a Bradford protein assay reaction (Bio-Rad, 500-0201). The samples were boiled, and 50g of protein per lane were resolved by SDS-PAGE using 15% gels for the analysis of endogenous Atg8 and cleaved Dcp-1 and 4%-20% gels (Bio-Rad, 456-1093) for detection of Ref (2)P, endogenous Atg8, and cleaved Dcp-1 simultaneously.
After electrophoresis, proteins were transferred to PVDF (for endogenous Atg8) or nitrocellulose membranes, blocked for 1 h in TBS containing 0.1% Tween (0.1% TBS-T) and 5% milk and then incubated at 4°C for 16 h in 0.1% TBS-Tween/1% milk containing rabbit anti-cleaved Dcp1 (1:1000, Cell Signaling, 9578S), rabbit anti-cleaved Caspase 3 (Asp175)
(1:1000, Cell Signaling, 9661), mouse anti-α-tubulin (1:1000, Sigma, T6199), anti-Atg8
(1:5,000; gift of G. Juhasz) [68] , or rabbit anti-Ref(2)P (1:500; gift of S. Gaumer, [34] ).
Membranes were washed 3 times in 0.1% TBS-T for 10 min and incubated at RT for 2 h in 0.1% TBS-T/1% milk containing anti-rabbit HRP (1:10,000, GE Healthcare, NA9340) or antimouse HRP (1:10,000, GE Healthcare, NA9310) secondary antibody, as appropriate. After 3 washes, proteins were revealed using ECL prime (GE Healthcare, RPN2232) according to the kit protocol. Western blot analysis of the p53 CRISPR alleles was performed with antihuman p53 (C11, Santa Cruz, Dallas, TX, USA) on protein extracts from adult flies four hours after irradiation with 4000 rads of gamma rays as described [18, 69] .
RT-PCR
Expression of p53 (p53B) and ∆Np53 (p53A) were monitored by RT-PCR. RNA was extracted from adult flies using TRIzol reagent (Invitrogen) and cDNA was produced using the SuperScript III First Strand Synthesis System (Invitrogen) with random hexamers.
PCR was performed using the following primers: p53 (p53B) forward:
GGACACAAATCGCAACTGCT, ∆Np53 (p53A) forward: CACAGCCAATGTCGTGGCAC, and a common reverse primer for p53 (p53B) and ∆Np53 (p53A):
GGCCATGGGTTCCGTGGTCA. Amplicons of ∆Np53 (p53A) (129 bp) and p53 (p53B) (519 bp) were visualized after 30 and 35 cycles, respectively, with a melting temperature of 60°C.
Samples were resolved on a 2% agarose gel. rp49 was used as an internal control for RNA extraction and RT-PCR efficiency and was amplified using forward:
ATCGTGAAGAAGCGCACCAAG and reverse: ACCAGGAACTTCTTGAATCCG primers.
Amplicons of rp49 (203 bp) were visualized after 25 cycles with a melting temperature of 60°C.
Image and statistical analyses
All microscopic and western blot images were analyzed using ImageJ software, with the exception of the western blot shown in Figure S1C , which was analyzed using Fiji.
Quantification of GFP-Ref (2) 
